The structure of the critical zone (CZ) is a result of tectonic, lithogenic, and climatic forcings that shape the landscape across geologic time scales. The CZ structure can be probed to measure contemporary rates of regolith production and hillslope evolution, and its fluids and solids can be sampled to determine how structure affects CZ function as a living filter for hydrologic and biogeochemical cycles. Substantial uncertainty remains regarding how variability in climate and lithology influence CZ structure and function across both short (e.g., hydrologic event) and long (e.g., landscape evolution) time scales. We are addressing this issue using a theoretical framework that quantifies system inputs in terms of environmental energy and mass transfer (EEMT, MJ m −2 yr −1 ) in the recently established Jemez River Basin (JRB)-Santa Catalina Mountains (SCM) Critical Zone Observatory (CZO). We postulate that C and water fluxes, as embodied in EEMT, drive CZ evolution and that quantifying system inputs in this way leads to predictions of nonlinear and threshold effects in CZ structure formation. We are testing this hypothesis in the JRB-SCM CZO, which comprises a pair of observatories-in northern New Mexico within the Rio Grande basin (JRB) and in southern Arizona within the Colorado River basin (SCM). The JRB-SCM CZO spans gradients in climate, lithology, and biota representative of much variation found in the larger U.S Southwest. Our approach includes in situ monitoring of zero-order basins nested within larger CZO watersheds and measurement-modeling iterations. The initial data collected at the ecosystem, pedon, and catchment scales indicates a strong role of coupled C and water flux in regulating chemical denudation of catchments in the JRB site.
The function of the CZ as a living filter for Earth's hydrologic and biogeochemical cycles varies as a result of its long-term geomorphic evolution. In this portion of the terrestrial surface that extends from the outer periphery of the vegetation canopy through the vadose and saturated zones (National Research Council, 2001) , heterogeneities in the flux of fresh water, solutes, and sediments are superimposed with biological colonization and activity leading to episodic and long-term variation in CZ structure (Lin, 2010; Wagener et al., 2010; Rasmussen et al., 2011a) . The evolving spatial heterogeneity in the landscape affects the behavior of the CZ as a system, which is manifest, in part, as system-scale dynamics. The distribution of vegetation, weathering agents, and regolith depth along hillslope catenas, for example, affects the hydrochemical response at the catchment outlet because the diversity of contributing areas and their hydrologic connectivity fluctuate during catchment wet-dry cycles. In this way, subcatchment-scale heterogeneity is reflected in temporal changes in catchment hydrochemistry that can be traced to variations in source area contributions to the hydrograph (Soulsby et al., 2003; Inamdar et al., 2006) . Developing an improved understanding of the coupling between long-term development of landscape heterogeneity (pedogenic and geomorphic time scales) and CZ system dynamics (biotic colonization and hydrologic event time scales) is, therefore, a grand challenge for CZ science.
Critical zone evolution is characterized by tight linkages between biotic and abiotic materials and processes (Amundson et al., 2007; National Research Council, 2010) . For example, the patchy distribution of vegetation on forested hillslopes in the western United States gives rise to variation in runoff vs. run-on during overland flow in piñón (Pinus edulis Engelm.)-juniper [Juniperus osteosperma (Torr.) Little] vegetation (Ludwig et al., 2005; Urgeghe et al., 2010) . (Run-on is defined here as soil water deriving from upslope and delivered to a given
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landscape location via overland flow and subsequent infiltration.) Vegetation patchiness also affects snow inputs to soil water because canopy structure and surface shading alter the fraction of water lost to sublimation (Veatch et al., 2009 ). Patchiness of infiltration water flux can then lead to spatially distributed patterns of soil moisture (Settin et al., 2007) , hydrologic connectivity (Hopp et al., 2009; Hwang et al., 2009) , biogeochemical weathering, and nutrient redistribution (Jobbagy and Jackson, 2001; Dontsova et al., 2009) . As another example, plant-microbe interactions affect mineral and nutrient transformations in the rhizosphere differently than in the bulk soil (Bonneville et al., 2009) , which makes surface soil biogeochemistry highly complex at the scale of fine root tissue (Chorover et al., 2007; Hinsinger et al., 2009) . Across geomorphic time scales, vegetation affects colluvial transport of soil and the development of hillslope structure via processes such as tree throw and associated bioturbation. Such considerations suggest that biotic-abiotic linkages that lead to landscape patchiness are key to CZ function, and that characterization of an "average" CZ structure is probably not adequate to describe the system response as is reflected, for example, in event-based stream water chemistry dynamics or long-term development of hillslope form.
Elucidating such linkages and heterogeneities is fundamental to CZ research. Component processes have traditionally been studied with research that separates them by disciplinary perspective. Hence, plant and microbial community structure has been the domain of ecologists, soil composition and function have been the focus of soil scientists, water flux and quality have been the subject of study by hydrologists, chemical weathering has been the turf of geochemists, and landscape change has been the purview of geomorphologists. One approach to advance CZ science, therefore, is to merge disciplinary understanding through "bottom-up" coupling of mechanistic models and methods developed within distinct CZ disciplines (Hoosbeek and Bryant, 1992) . Advances in our understanding of the mechanistic underpinnings of CZ structure and function made by disciplinary sciences justify such an approach; however, elucidating linkages can be problematic if, by taking a reductionist approach, we lose the capacity to detect feedback effects and emergent system behavior. System-scale predictions cannot always be made with bottom-up approaches because CZ behavior is not a simple additive result of smaller scale process interactions, many of which exhibit complex, nonlinear dynamics (Phillips, 1998 ; U.S. Department of Energy, 2010). Recent work from our group underscores the predictive power of "top-down" functional models of the CZ that can provide quantitative descriptions of CZ structure evolution in response to EEMT in the context of open-system thermodynamic theory (Rasmussen et al., 2011a) . Such models can provide information on where to look for pattern formation in the CZ as a means to better enable "bottom-up" investigations of the underlying mechanisms.
Environmental Energy and Mass Transfer as a Common Critical Zone Observatory Currency and Driver for Process Coupling
A large body of work in pedology, ecosystem science, and geomorphology has clearly shown the dominant effects of climate, lithology, and topography on the time evolution of broad-scale CZ structure (including for both soils and ecosystems) (Jenny, 1941; Vitousek et al., 1997; Ritter et al., 2000; Chadwick et al., 2003) . Therefore, field sites arrayed along gradients of climate or bedrock composition represent powerful natural experiments for investigating the couplings among ecosystem exchange of water and C (Jung et al., 2007; Lindroth et al., 2008) , biogeochemical weathering (Dahlgren et al., 1997; Chadwick and Chorover, 2001; Thompson et al., 2010; Rasmussen et al., 2011b) , catchment hydrology (Broxton et al., 2009) , and landscape evolution (Duvall et al., 2004) . Nonetheless, characterizing quantitatively the variation in CZ energy input along such gradients is complicated by the co-variation of precipitation and temperature, as well as the co-variation between climate and biota. Building on energy-based functional models of pedogenesis (Runge, 1973; Rasmussen et al., 2005; Rasmussen and Tabor, 2007) , Rasmussen et al. (2011a) recently proposed a conceptual framework for CZ structure evolution based on nonequilibrium thermodynamics. The model incorporates CZ climatic and biotic forcings into a single environmental energy and mass transfer parameter, EEMT, with energy flux units (e.g., J m −2 s −1 ) that can be applied across any chosen spatial (e.g., pedon to catchment to biome) and temporal (e.g., seconds to years to millennia) scale. In accordance with open-system thermodynamic theory, the model postulates that structural organization within the CZ (e.g., aggregated mineral-organic weathering products, soil horizonation, preferential flow paths, vegetation distribution, ridge and valley formation) evolves at the expense of increased entropy in the CZ surroundings (i.e., dissipative products of physical and chemical denudation, gas and latent heat fluxes) (Fig. 1) . The CZ forcing parameter, EEMT, is calculated from baseline meteorologic data (precipitation and temperature) and algorithms driven by climate that predict net ecosystem production. Environmental energy and mass transfer, which is the sum of CZ energy input via effective precipitation (E PPT , precipitation in excess of evapotranspiration) and net primary production (E BIO ) components, has predictive power in explaining substantial variation and nonlinear behavior in such CZ functional and structural attributes as catchment Si efflux (a measure of chemical denudation), regolith depth to weathering front, and other morphological properties (Rasmussen et al., 2011a) :
where E PPT = ΔTC w P eff , E BIO = NPP h bio , ΔT = ambient air temperature − 273 (K), C w is the specific heat of water (J kg −1 K −1 ), P eff (net precipitation) = PPT− ET (kg m −2 s −1 ), ET is evapotranspiration, NPP is net ecosystem production of biomass, and h bio is specific biomass energy content (22 × 10 6 J kg −1 ). Hence, we propose that calculation of the landscape distribution of EEMT offers a powerful approach to explore the climate forcing space of CZ evolution and its heterogeneity along environmental gradients. To account for some variation introduced by complex terrain, the calculation of P eff can be refined by considering the effects of slope and aspect on the local vapor pressure deficit and associated evapotranspirative flux, as described below. Lateral transfers of water and C, as occurs in saturated hillslope flow systems, is not yet incorporated in the calculation of EEMT.
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Hypothesis-Guided Critical Zone Observatory Design
We are building an interdisciplinary observatory in the southwestern United States to improve fundamental understanding of the function, structure, and co-evolution of biota, soils, and landforms that comprise the CZ. The observatory is intended as a natural laboratory for the Earth science community to test hypotheses concerning CZ function in relation to climatic and water cycle variation. We posit that CZ systems organize and evolve in response to open system fluxes of energy and mass that can be quantified as EEMT from point to watershed scales. These fluxes include meteoric CZ inputs of radiation, water, and C that are modulated by surficial biota to produce fluids and biogeochemical components that undergo biotic and abiotic transformation during gradient-driven transport.
We hypothesize that the coupling of physical, chemical, and biological processes is related specifically and predictably to the timing and magnitude of these fluxes. Therefore, our CZO is designed to examine the impacts of space-time variability in energy and water flux on coupled CZ processes along two well-constrained climate gradients. The first CZO location is on rhyolitic parent material in the Jemez River Basin of northern New Mexico and the second is on granite and schist bedrock within the Santa Catalina Mountains in southern Arizona ( Fig. 2A-2C ). Measurement, modeling, and experimentation at sites that vary in parent rock, elevation, aspect, slope, soil development, and vegetation are intended to enable quantification of the feedbacks between energy and mass fluxes (driven by chemical and physical gradients) and measured components of CZ structure.
Our CZO design was guided by the research question: How does variability in climate and lithology influence CZ structure and function across both short (e.g., hydrologic event) and long (e.g., landscape evolution) time scales? To identify the couplings among physical, chemical, and biological processes, CZO research integrates four cross-cutting science themes: ecohydrology and hydrologic partitioning (EHP), subsurface biogeochemistry (SSB), surface water dynamics (SWD), and landscape evolution (LSE). These themes, which are both interdisciplinary and multiscale, are focused on the collective goal of resolving CZ controls over water, C, and weathering fluxes (Fig. 3) .
Top-Down Modeling to Guide Better Measurement
We are using an integrated modeling approach to (i) identify optimal sites for measuring structure and process, (ii) refine hypotheses developed through field-based observation and measurements, (iii) explore feedbacks and emergent system behaviors, and (iv) develop transfer functions that can be used to relate system behavior across scales and modes of observation. As a first step in CZO development, we calculated annual EEMT across the CZO surfaces and are using the results to help constrain locations for field campaigns and intensive instrumentation.
Effective energy and mass flux into the CZ varies seasonally, especially in the desert southwestern United States; contemporary climates along both JRB and SCM gradients include a bimodal precipitation distribution that concentrates in winter (rain or snow depending on elevation) and summer monsoon periods. This seasonality of EEMT flux into the upper CZ (soil) surface can be estimated by calculating EEMT on a subannual (e.g., monthly) basis as constrained by temperature (T), precipitation (PPT), and the vapor pressure deficit (VPD): EEMT = f(T,PPT,VPD). The VPD, T, and PPT parameters were used for regression model development because they exert first-order control on photosynthesis and the partitioning of water to evaporation, transpiration, and subsurface flow (Monteith, 1972; Jarvis, 1976) . Because these same parameters are drivers of physically based numerical models of primary production and water dynamics (Mackay et al., 2003) , their use in the parameterization of EEMT helps to strengthen the link between EEMT flux to the CZ and CZ response as described by physical theory of ecosystem and landscape function.
Thus, here we used a multiple linear regression model to calculate the monthly (30-d) EEMT (MJ m −2 mo −1 ) that accounts for VPD (Pa), PPT (cm), and locally modified T (°C) across the JRB and SCM surfaces. These EEMT calculations were made using data from the PRISM Climate Group at Oregon State University (www.prismclimate.org; verified 10 July 2011). Climate data are provided at an 800-m spatial resolution for input precipitation and minimum and maximum temperature normals and at a 4000-m spatial resolution for dew-point temperature (Daly et al., 2002) . The PRISM climate data, however, do not account for localized variation in EEMT that results from smaller spatial scale changes in slope and aspect as occurs within catchments. To address this issue, these data were then combined with 10-m digital elevation maps to compute the effects of local slope and aspect on incoming solar radiation and hence locally modified temperature (Yang et al., 2007) . Monthly average dew-point temperatures were computed using 10 yr of monthly data (2000-2009) and converted to vapor pressure. Precipitation, temperature, and dew-point data were resampled on a 10-m grid using spline interpolation. Monthly solar radiation data (direct and diffuse) were computed using ArcGIS Solar Analyst extension (ESRI, Redlands, CA) and 10-m elevation data (USGS National Elevation Dataset [NED] 1/3 Arc-Second downloaded from the National Map Seamless Server at seamless.usgs.gov/; verified 10 July 2011).
Locally modified temperature was used to compute the saturated vapor pressure, and the local VPD was estimated as the difference between the saturated and actual vapor pressures.
The regression model was derived using the ISOHYS climate data set comprised of ~30-yr average monthly means for >300 weather stations spanning all latitudes and longitudes (International Atomic Energy Agency, 2004; Rasmussen and Tabor, 2007) . The best-fit regression model for monthly EEMT took the form 
where T is temperature.
Yearly EEMT (MJ m −2 yr −1 ) was calculated by summing the 12 monthly values. Modeled annual EEMT can be partitioned empirically to the biologic (E BIO ) and hydrologic (E PPT ) components of Eq.
[1] (Rasmussen et al., 2011a) . Specifically, the E BIO fraction decreases exponentially with increasing EEMT because the total net primary production levels off while E PPT continues to increase in magnitude with EEMT (see Rasmussen et al., 2011a, Fig. 2b) . As a result, low values of EEMT tend to be dominated by E BIO , while high values are dominated by E PPT .
Environmental energy and mass transfer values calculated using Eq.
[2] are shown for the SCM and the Valles Caldera portion of the JRB in Fig. 2D and 2E, respectively. These EEMT "surfaces" provide a guide to identifying locations within the larger CZO where CZ samples can be collected in field campaigns to test for climatic forcing effects (e.g., CZ plot-scale sampling), as well as locations appropriate for intensive instrumentation arrays. For example, we have selected three catchment locations in the SCM for intensive instrumentation arrays (outlined in white in Fig. 2D ) that span the requisite EEMT space there and are in the process of identifying three sites in the JRB (outlined in white in Fig. 2E ) that likewise span the available EEMT space in that portion of the CZO. , and landscape evolution [LSE] ) that are interconnected through a common focus on water, C, and weathering fluxes in the critical zone (DOM is dissolved organic matter, e − is electron, Rx is reactions). Finer variation in EEMT occurs at the catchment scale. Calculation using Eq.
[2] showed that this variation derives in large part from aspect-induced differences in local temperature and evapotranspiration (Fig. 4) . As a result, CZ surface energy inputs are heterogeneous within individual zero-order basins (ZOBs) (e.g., Fig. 4 , right side), as well as for higher order catchments (Fig. 4 , left side). For example, the northeast-facing half of the Marshall Gulch catchment (SCM) exhibits higher EEMT than the southwestfacing slope, which is characterized by higher evapotranspiration and diminished effective precipitation. Insofar as EEMT affects regolith thickness (discussed below), the rate of soil production, and pedogenesis (Rasmussen et al., 2005 (Rasmussen et al., , 2011a , it is expected to also influence water transit time (McDonnell et al., 2010) , i.e., the mean time required for a particle of water to migrate through a catchment from precipitation to streamflow. Indeed, as shown in 
Regolith Production from Bedrock
A fundamental control on CZ function is the depth of the weathering profile. The EEMT concept has been used in conjunction with geomorphic and pedologic models to quantify landscape attributes and process rates that control regolith thickness (Pelletier and Rasmussen, 2009a,b) . Here we refer to regolith as the entire thickness of unconsolidated material above bedrock, including the mobile colluvial layer and the saprolite beneath it. The thickness of the regolith on upland landscapes is controlled by a long-term balance between the rates of rock breakdown by physical and chemical processes (which create regolith) and physical erosion (which removes it). The equations that quantify regolith production as a function of regolith thickness are known empirically (Heimsath et al., 1997 (Heimsath et al., , 2001 ), but their application to predicting regolith thickness as a function of time and space in complex terrain requires an understanding of how the rate of lowering of the weathering front, i.e., the interface between the regolith and the bedrock, P, varies as a function of both regolith thickness (h) and climatic forcing (i.e., EEMT). Cosmogenic radionuclide (CRN) studies have indicated that the rate of lowering of the weathering front normal to the ground surface decays exponentially with the thickness of the overlying regolith measured normal to the surface, h cosθ:
where P 0 is the maximum or potential rate of weathering-front lowering and h 0 is a constant equal to approximately 0.5 m based on data from several CRN studies in different climates. It should be noted that the soil production function as originally proposed by Heimsath et al. (1997 Heimsath et al. ( , 2001 does not include saprolite. Yoo and Mudd (2008) suggested, however, that the soil production function applies to both the thickening of the mobile soil layer (i.e., colluvium) and the thickening of the entire regolith, including both saprolite and colluvium. The thickening of both colluvium and regolith involves the conversion of coherent bedrock into more permeable, transportable material. Hence, we propose that from the perspective of many hydrologic and geomorphic applications, mapping the thickness of the regolith is more relevant than mapping the thickness of just the mobile layer. Moreover, for the purposes of calibrating the model, it can be difficult to differentiate between actively mobile colluvium and relict colluvium. For these reasons, we are focusing on modeling the spatial and temporal variations in regolith thickness. Of course, more complex models are available that subdivide regolith into colluvium and saprolite and track each layer with fluxes between them. In steep or arid environments, a humped or bell-shaped relationship of regolith production to regolith thickness may be more accurate than an exponential relationship (Ahnert, 1977; Cox, 1980) . Recent cosmogenic radionuclide data from granitic landscapes in Australia have provided preliminary support for a humped production model (Heimsath et al., 2005) .
If the value of P 0 can be independently constrained, the rates of physical erosion can be estimated and mapped. Rasmussen and Tabor (2007) found that regolith thickness on stable (low-gradient) slopes increased exponentially with increasing EEMT, suggesting that the rates of regolith production also increase exponentially with increasing EEMT. This hypothesis suggests a relationship of the form
where a (units of mm yr −1 ) and b (units of m 2 kJ −1 yr) are empirical coefficients. Pelletier and Rasmussen (2009b) constrained the parameters a and b in Eq.
[4] for granitic landscapes using published data from Riebe et al. (2004) and obtained best-fit coefficients a = 0.037 mm yr −1 and b = 0.00003 m 2 kJ −1 yr. Riebe et al. (2004) measured the rates of chemical weathering and inferred the rates of physical erosion and chemical denudation rates using a chemical depletion fraction approach in granitic terrain across a wide range of climates. Pelletier and Rasmussen (2009b) used the data of Riebe et al. (2004) to document the empirical relationship in Eq.
[4] by further assuming a steady-state balance between regolith production rates and physical erosion rates. Figure 6A shows contour maps of P 0 as a function of mean annual temperature and mean annual precipitation using the combined calculation of Eq.
[1] and [4] . As an example of this concept for a theoretical hillslope, Fig. 6B plots model predictions for regolith thickness h as a function of EEMT and the uplift or incision rate (U), assuming a topographic steady-state condition for the granitic case where a = 0.037 mm yr −1 and b = 0.00003 m 2 kJ −1 yr. Regolith thicknesses increase linearly with increasing EEMT and decrease exponentially with increasing uplift or incision rate until the threshold condition P 0 /U < 1 is met, beyond which bare slopes are formed. For example, assuming an EEMT of 50 MJ m −2 yr −1 (i.e., a moist, temperate climate) and an uplift or incision rate of 0.01 mm yr −1 , Fig. 6B predicts a regolith thickness of 1.4 m. Figure 6C plots the erosion rate as a function of regolith thickness normal to the surface, h n , and EEMT. The corresponding regolith residence time, calculated as the ratio of the soil thickness and the erosion rate, is plotted in Fig. 6D . The surface shown in Fig. 6D dips down and away; the thickest regoliths have the longest residence times.
Research is currently underway at several study sites to further test the relationships illustrated in Fig. 6 and their implications for CZ structure and function. These observed correlations between EEMT and essential aspects of CZ structure (e.g., regolith thickness) and function (e.g., catchment water mean transit time) motivate the need to unravel the process controls. We hypothesize that such controls manifest as couplings between C and water partitioning, geochemical weathering, and hillslope erosion at catchment and smaller scales.
Bottom-Up Observations of Coupled Processes in Instrumented Zero-Order Basins
Although the EEMT model provides a "top-down" prediction of CZ structure and function through its correlation with system characteristics and behavior, it does not resolve the mechanistic process linkages among water, C, and weathering that drive it to a given state. We hypothesize that the geomorphic, hydrologic, geochemical, and biological processes are tightly coupled in controlling coevolution of ecosystems and landscapes in a given lithology and that this coupling occurs at watershed and smaller scales, governed in large part by the transformative behavior of energy, water, and C (Fig. 1) . Assessment of the mechanistic underpinnings and reaction pathways of CZ evolution requires "bottom-up" direct observation via an instrument array that permits spatially dense and time-resolved measurements of physical, biological, and chemical process dynamics in catchments, hillslopes, pedons, and pores. Such measurements can then be used to constrain a complementary bottom-up modeling approach that couples existing numerical models of (i) land-atmosphere exchange, (ii) ecohydrology and hydrologic partitioning, (iii) geochemical reaction and reactive transport, and (iv) sediment transport and geomorphic evolution, as described below.
We are installing co-located sensor and sampler instrumentation in ZOBs (i.e., catchments that contain no upgradient tributaries) at three elevations in both the SCM and JRB. Instrument arrays are intended to provide a combination of real-time sensing and sample acquisition data sets as a function of CZO-wide EEMT values. To date, we have instrumented ZOBs at three elevations in the SCM and one in the JRB (these locations are shown outlined in white in Fig. 2 ). The distributed instrument array provides a range of CZ observations that are correlated in time and space (e.g., Fig. 7 ). Meteorologic data are monitored in real time, including radiation, precipitation as rain or snow, and relative humidity. Critical zone-atmosphere exchanges of C and water are measured by eddy covariance (flux) towers (Fig. 8) . Phenocam digital images are obtained continuously to provide a record of aboveground vegetation dynamics. Landscape variation in snowpack accumulation and ablation is measured throughout the snow season. Transpiration water fluxes (sap flow) are measured for direct comparison with flux tower observations. Depth-dependent vadose and saturated zone sampling of temperature, moisture, water potential (pressure head), and chemistry is conducted through a variety of sensor and sampling techniques. Hydrologic stream discharge of water, solutes, and sediments is monitored to provide an integrated measure of catchment response. Multiple measurements are needed in an instrumented ZOB array, such as the one presently under construction at high elevation in mixed conifer (MC) vegetation in the JRB (Fig. 7) .
Example of Theme Coupling: Water, Carbon, and Weathering Fluxes in the Semiarid Critical Zone
As depicted in Fig. 3 , we assert that feedbacks between long-timescale landscape evolution (LSE) and short-time-scale catchment hydrologic response (SWD) are controlled by the system partitioning (EHP) and reactive processing (SSB) of water, C, and lithogenic elements in the CZ. Here we provide an example of data integration across these science themes as a means to resolve the coupling of water, C, and weathering fluxes in the JRB CZO.
Ecosystem Partitioning of Water and Carbon (Ecohydrology and Hydrologic Partitioning Theme)
Precipitation inputs of water to the subsurface and net ecosystem production of reduced C are the primary energy components that drive CZ structure formation (Eq.
[1]) and hence their accurate quantification constitutes a principal focus of our EHP research. Both processes are subject to strong biotic control, particularly in water-limited systems. In the semiarid Southwest, carbon flux is controlled by available water and, therefore, the seasonality of precipitation. Therefore, time series observations of land-atmosphere exchange of water and C-as modulated by the biotic impacts of transpiration, photosynthesis, and autotrophic and heterotrophic respiration-are essential. These mea- surements are facilitated by eddy covariance tower instrumentation (Reichstein et al., 2005; Molotch et al., 2009 ).
For example, a flux tower in the JRB CZO located proximal to the instrumented MC ZOB depicted in Fig. 7 has shown strong seasonal variation in net ecosystem exchange of C, with substantial C uptake to the CZ beginning at the onset of spring snowmelt in April for both 2009 and 2010, coincident with increased soil moisture, ground-level radiation, and system evapotranspiration ( Fig. 8 ; Litvak et al., unpublished data, 2011) . Partitioning of the net flux into gross primary production and ecosystem respiration indicates a substantial biomass uptake of C in late spring to early summer. The partitioning of that fixed C in the CZ and the extent of its release to surface waters is not known from eddy flux data, despite the fact that it has important implications for the CZ C balance and subsurface biogeochemistry.
Infusion of Carbon to Drive Subsurface Geochemical Reactions (Subsurface Biogeochemistry Theme)
The extent to which apparent net C uptake is translated into biomass growth vs. particulate and dissolved organic (or inorganic) C species that are sequestered in geomedia or released to ground or surface waters has direct impacts on CZ weathering processes and the system C balance (Chorover et al., 2007) . Hence, the Cwater-weathering linkage is a central focus of our SSB research. Because ecosystem C uptake coincides with periods of CZ water flux (Fig. 8) , we postulate strong seasonal controls on subsurface weathering processes, and these are being probed via installation of tension and zero-tension subsurface solution samplers. The molecular structure of dissolved organic C (DOC) at various depths in the CZ affects its bioaccessibility to heterotrophic microbes (many of which catalyze mineral weathering reactions) and also its abiotic reactivity toward mineral surfaces and lithogenic elements. The DOC chemistry in the CZO is being explored through the use of molecular spectroscopic and mass spectrometric methods.
Data on DOC concentrations and chemistry with CZ depth in the JRB MC ZOB are shown in Fig. 9 . Stream water data are for grab samples collected in June 2010 from La Jara Creek, which drains the JRB MC ZOB. Canopy through soil data are from replicated aqueous CZ material extractions conducted in the laboratory, normalized to a 1:1 solid/water (w/w) ratio on vegetation canopy tissue (Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] and blue spruce [Picea pungens Engelm.] overstory species), organic horizon (O), and mineral soil horizons to parent material (A, A/B, B, and Cr horizons). Results for the JRB MC ZOB Soil Pits 2 and 3 (see Fig. 7 for locations) are shown. Water-extractable DOC concentrations decreased with increasing depth in the CZ (Fig. 9, top) . Fluorescence excitation-emission matrices of DOC provide a "fingerprint" of DOC composition and origin, from which a variety of indices (Fig. 9 , bottom) can be calculated, including the fluorescence index (FI, which provides a measure of microbial vs. plant-derived components; McKnight et al., 2001 ) and the humification index (HIX, which provides a measure of apparent humification degree; Zsolnay, 2003) . Values of FI (red circles, bottom axis) for the canopy (>1.6) and stream (1.4) are consistent with significant microbial contributions to DOC (FI ≥ 1.4) in the phyllosphere (microbial colonization of a leaf surface) and surface water environments. These FI data suggest that soluble microbial material in the phyllosphere might be expected in throughfall and that the stream integrates allochthonous (terrestrial) and autochthonous (aquatic) sources of organic matter (McKnight et al., 2001 ). Conversely, water-extractable DOC in organic and mineral soil horizons shows a strong plant signal (FI < 1.4) and greater apparent humification (HIX > 2, blue triangles, top axis). Whereas the stream FI value (1.4) is higher than those for all soil depths and lower than that of the phyllosphere, suggesting that it integrates both allochthonous and autochthonous material, it also shows an HIX value consistent with high apparent humification, comparable to that of the O and A soil horizons. Given that the Fig. 9 . Dissolved organic C (DOC) concentrations from canopy to stream through two soil pits within the Jemez River Basin mixed conifer zero-order basin (top; see Fig. 7 for pit locations), and fluorescence index (red symbols, bottom x axes) and humification index (blue symbols, top x axes) as determined from fluorescence excitation-emission matrices for the same two locations (bottom).
stream water sampling date was near peak snowmelt (3 June 2010), this result is consistent with surface soil contributions to stream flow.
Before exploring the consequences of DOC flux for lithogenic element release to stream waters (discussed below), it is useful to consider the depth-dependent variation in the solute charge balance of contributing subsurface solutions (Fig. 10) . Aqueous extracts of soils collected from pits within the JRB MC ZOB show depthdependent trends in the concentrations of dominantly biogenic (e.g., organic acids, NO 3 − , NO 2 − ) and lithogenic (e.g., Na + , Mg 2+ , Ca 2+ , K + , Al 3+ ) ions (Fig. 10) . Both profiles exhibit a bulge in A horizon total ionic charge, largely because of high bicarbonate values in this heterotrophically active zone. In both profiles, the total Al concentration increased with depth at the expense of Ca. Indeed, because extracted solutions exhibited circumneutral pH (~6.8), the observed solubility of Al (and presumably other polyvalent metals) in these pedon solutions is probably controlled to a large extent by metal-organic acid complexation reactions because aqueous speciation calculations indicate that solutions would otherwise be well oversaturated with respect to secondary Al hydroxides (e.g., gibbsite) and aluminosilicates (e.g., kaolinite). It is noteworthy that large organic acid contributions to the charge balance persist to depth in both pits and that the comparison of Pit 2 and 3 solution charge balance diagrams also provides some indication of the heterogeneity expected in pore water chemistry among distinct pedons within a ZOB.
Upscaling the Carbon-Water-Weathering Linkage from Pedon to Watershed (Surface Water Dynamics Theme)
During the 2010 JRB spring snowmelt period, stream waters discharging mixed conifer forests in La Jara, Upper Jaramillo, and Upper Redondo catchments-each of which drains a different aspect of Redondo Peak-showed strong correlation between concentrations of DOC and the polyvalent (strong dissolved organic matter complexing) lithogenic metals Al and Fe and lanthanides (a.k.a., rare earth elements) (Fig. 11) . Conversely, weaker correlation was observed for Si that exists in these waters as a neutral (silicic acid) species that forms weak complexes with dissolved organic matter (Fig. 11) . Regression slopes shown as insets give the mean number of moles of metal per unit mass of DOC. These slopes sum to values that are at or below the molar density of carboxyl functional groups per unit mass of aquatic DOC, supporting the assertion that these metals are dominantly present in bioactive soil solutions as soluble organic complexes (Chorover, 2011) .
The prevailing hypothesis in environmental geochemistry is that mineral weathering and thus most mineral transformation and chemical denudation originates in the soil or saprolite-bedrock contact (Bricker et al., 2003) . The partitioning of total chemical weathering between chemical denudation and mineral transformation is determined by the residence time of water, mineral transformation kinetics, reactive surface areas, and the resulting weathering rate intensities. By examining surface water dynamics at both ZOB and watershed scales, we are testing how much more chemical denudation and mineral transformation occurs along deep (e.g., fractured bedrock) relative to shallow soil and regolith subsurface flow paths and how important these different flow paths are to stream discharge (Rademacher et al., 2001) . Measurements of stream water chemistry paired with discharge data are being used to quantify weathering fluxes at ZOB and watershed scales, where the latter represents the scale of multiply integrated ZOBs and higher order catchments. Our objective is to determine the fraction of weathering products transported between the soil zone and the deeper CZ subsurface. Furthermore, the use of the space-and time-integrated stream water samples permits a larger scale assessment of the relations between chemical weathering and landscape-level EEMT.
Coupling Critical Zone Observatory Themes through Co-located Measurements and Data Integration
Taken together, the data presented in Fig. 8 to 11 provide a succinct example wherein observations made within the context of all science thematic components of Fig. 3 (EHP, SSB, SWD, and LSE) are needed to accomplish a "bottom-up," mechanistic understanding of CZO system behavior and evolution. Specifically, in this example: (i) measured ecosystem photosynthesis, respiration, and evapotranspiration filters the land-atmosphere exchange of water and C (Fig. 8, EHP theme) ; (ii) the resulting seasonal ecosystem "metabolism" fuels subsurface biogeochemistry, including the depth-dependent concentrations and molecular forms of DOC and its complexes with lithogenic weathering products that are heterogeneously distributed in the landscape (Fig. 9-10 , SSB theme); (iii) heterogeneity in pore water chemistries across the catchment are then integrated by flow path convergence in the temporally dynamic chemistry and stoichiometry of catchment discharge waters (Fig. 11 , SWD theme). Finally, this coupling of biotic, geochemical, and hydrologic processes has clear long-term consequences for the rate and stoichiometry of landscape chemical denudation, pedogenesis, and flow path formation, ultimately affecting the balance between regolith production and erosion (Fig. 6 , LSE theme).
To strengthen the link between short-time-scale CZ system fluid responses (e.g., Fig. 8-11 ) and long-term landscape evolution (e.g., Fig. 6 ), measurements are also being made on the spatial distribution of CZ structure within each of the instrumented ZOBs. Measurements include geophysical analyses of regolith depth to bedrock, pedological descriptions of soil morphology and chemistry, and vegetation composition and structure. These observations are needed to provide a context for the interpretation and synthesis of spatially distributed time series data and will permit us to explore relations between CZ structure and function at the subcatchment scale.
The diverse nature of CZO data sets is intended to serve the broad community of Earth surface scientists who will have open access to CZO data streams. This community extends well beyond the groups that are currently establishing the CZO infrastructure. Hence, a common goal is to generate data sets that can be queried to test hypotheses that have not even been formulated yet but that could nonetheless require a coordinated effort toward data integration. One approach that is being pursued initially-with the goal of pattern recognition to stimulate following research-is to explore linear and nonlinear empirical correlations among CZO data sets. Pairwise CZ relations are numerous and cross-linked (Lohse et al., 2009) . They include, for example, those between hydrologic partitioning and soil wet-dry cycles (Koster et al., 2000; Porporato et al., 2004) , soil wet-dry cycles and net ecosystem exchange (Monson et al., 2002) , net ecosystem exchange and subsurface C flux (Froberg et al., 2006) , subsurface C flux and chemical weathering rates (Viers et al., 1997; Strobel et al., 2001 ), chemical weathering rates and hydrologic discharge (Clow and Drever, 1996; Anderson and Dietrich, 2001) , and hydrologic discharge and sediment transport including dissolved and particulate C (Lane and Richards, 1997; Pelletier, 1999; Brooks et al., 2007) , among others. We contend that it is the full network of linkages among these processes that leads to CZ evolution, and the CZOs are thus working to serve data to the community in a fashion that permits testing of a wide range of hypotheses regarding multiple process couplings.
Bottom-Up Conceptual Model Development
A co-located, multiobservational approach is also motivated by the development of a fully coupled CZ conceptual model, or "terrestrial integrated modeling system" (TIMS), that utilizes the multiple CZO data streams for parameterization and model testing. The TIMS under development in collaboration with the JRB-SCM CZO represents biogeophysical and biogeochemical processes based on existing models that have been tested against long-term disciplinary experiments (Niu et al., unpublished data, 2011) . At present, TIMS couples a processbased catchment hydrologic (CATHY) model (Paniconi and Wood, 1993; Camporese et al., 2010) and an augmented version of the Noah land surface model (LSM) (Niu et al., 2011) . The augmented Noah LSM accounts for surface energy, water, and C fluxes from soil, snow, and vegetation surfaces. The photosynthesis model is linked directly to stomatal conductance (Farquhar et al., 1980; Collatz et al., 1991 Collatz et al., , 1992 ) and short-term vegetation phenology according to Dickinson et al. (1998) . The CATHY model includes a subsurface water module solving the three-dimensional Richards' equation for saturated and unsaturated transport and a surface water module that routes hillslope flow and channel flow using the diffusion wave equation. These slower ecosystem processes are coupled to CATHY's fast hydrologic and physical processes by combining multiple time scales.
The model currently represents fast and slow soil C pools, where microbial respiration is simulated as a nonlinear function of soil water content and temperature (Bonan, 1995) . Measurements of the response of microbial enzymes and of active fungi/bacteria ratios to climatic variation and plant cover will allow us to make more sensitive links between climate, microbial physiology, and C transformations (Bradford et al., 2008; Allison et al., 2010) . As the model is developed, we will use it not only to test process couplings but also to assist with the continued development of CZO infrastructure, prioritization of instrumental installations, and the frequency and spatial resolution of measurements. In a subsequent phase of TIMS model development, we will incorporate a three-dimensional solute transport code and a reactive transport biogeochemical code (Steefel et al., 2005) that uses hydrologic flux data in a three-dimensional landscape context to derive incongruent weathering reactions and long-term development of pedogenic structure (Dontsova et al., 2009) . Model evolution of subsurface structure formation, which is an expected feedback to affect the formation of hydrologic flow paths and the dynamics of CZ biotic colonization, can be tested against direct CZO observations.
Conclusions
The critical zone is an open system whose structure formation is affected by geologic constraints and climatic forcing. Prior work (e.g., Rasmussen et al., 2011a) has shown that EEMT is a powerful "top-down" predictor of climatic effects on CZ structure evolution. This predictive power derives from the fact that EEMT is a single parameter estimate of how ambient meteoric inputs translate to subsurface CZ energy flux when modulated by the covarying primary production and transpiration of surface-colonizing vegetation. The variation in EEMT is large at a global scale, but smaller landscape-and catchment-scale variations also occur as a result of geomorphic properties such as slope and aspect.
Estimations of EEMT at the landscape scale provide a quantitative context for testing hypotheses about process coupling in the CZ. The challenge now is to develop the interdisciplinary teams and methodologies needed to effectively test mechanistic hypotheses by interrogating the interfaces between biological, physical, and geochemical processes in situ so that the underpinnings of CZ structure formation can be understood. The JRB-SCM CZO is addressing this challenge by integrating studies of landscape evolution, ecohydrology, subsurface biogeochemistry, and surface water dynamics within a common set of catchments arrayed along gradients in EEMT.
Through the use of a common conceptual framework, intensive instrumentation arrays in small catchments, systematic upscaling to larger watershed systems, and iterative deployment of coupled process modeling, we are working to develop a "bottom-up" understanding of how climate and lithology drive CZ structure and function.
